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Edited by Robert B. RussellAbstract The identiﬁcation of the driving factor for ﬁbril for-
mation is paramount to understand the molecular basis of amy-
loidogenic disease. Recently, an atomic-detail structure of a
ﬁbrillogenic aggregate was reported and revealed a tight packing
of b-sheets. However, there is not a single pair-wise interaction
of signiﬁcance between the b-sheets, no hydrogen bond and no
hydrophobic interaction. Instead, there is extensive burial of po-
lar groups at the interface. These observations lead to the ques-
tion: What factor drives the association of b-sheets? This issue is
addressed by combining all-atom molecular dynamics with an
implicit-solvent analysis. The driving force for the association
arises from the mechanical equivalent of the dehydration propen-
sity of pre-formed intra-sheet hydrogen bonds and dipole–dipole
interactions.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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correlations1. Introduction
Identifying the driving factor for ﬁbril formation is para-
mount to understand the molecular basis of amyloidogenic dis-
eases [1]. Soluble proteins prone to form amyloid aggregates
possess structures with packing deﬁciencies that render them
unable to preserve the integrity of intramolecular hydrogen
bonds [2]. Accordingly, the recent structural determination of
an amyloid-like ﬁbril revealed a parallel b-sheet packing with
highly dehydrated hydrogen bonds [3]. The amyloid-like asso-
ciation of b-sheets entails a burial of polar groups, with no sig-
niﬁcant pair-wise intersheet interactions. What factor, then,
drives the association? All-atom molecular dynamics and im-
plicit-solvent dissections of the energy contributions [4,5] were
combined to address this issue. An enhancement of the intra-
sheet electrostatics arises from the decrease in local permittiv-
ity associated with exogenous removal of solvating water. This
eﬀect translates into an attractive force exerted by intra-sheet
hydrogen bonds and dipole–dipole pairs onto non-polar
groups, turning b-sheets into metastable hydrophobic nuclei
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doi:10.1016/j.febslet.2005.10.058The generic architecture of the amyloid ﬁbril, with its b-
sheets parallel to the main axis and the strands perpendicular
to it, is by now well established [6] but the atomic details have
been resolved only recently [3]. The cross-b spine of the ﬁbrill-
ogenic peptide GNNQQNY reveals a double parallel b-sheet
with tight packing of side chains leading to the full dehy-
dration of intra-sheet backbone–backbone and side-chain–
side-chain hydrogen bonds. However, the formation of this
interface between the two b-sheets entails the burial of polar
groups and does not lead to the formation of any inter-sheet
hydrogen bond or pair-wise interaction of signiﬁcance [3],
i.e., with a net energetic loss <kT (k = Boltzmann constant,
T = absolute temperature). The invoked van der Waals inter-
actions [3] are inherently weak and take place equally likely
in the absence of inter-sheet association, between the isolated
sheets and the surrounding water [7].2. Methods
All-atom molecular dynamics combined with implicit-solvent ana-
lytical techniques were deployed to identify the driving force for the
association. The inter-sheet packing dynamics of two parallel b-sheets
were analyzed under the assumption that pre-formed b-sheets act as
metastable nuclei for ﬁbrillogenic association [3]. To ﬁx notation,
one sheet comprises strands indexed by n = 2m  1, m = 1,2,. . ., while
the other sheet strands are indexed by n = 2m, and jn denotes residue j
(j = 1,2,. . .,7) in strand n. To bring the CPU time of conformational
search to manageable levels, the ensemble of initial states was deﬁned
by imposing the constraints d(cn,cn+1) < 9 A˚, d = Euclidean distance,
cn = baricenter position vector of strand n, and limiting each sheet to
6 strands. The parallel sheets are thermalized and equilibrated with ini-
tial backbone coordinates as in the ﬁbril [2] and ﬂexible side chains.
The canonical-ensemble dynamics [4,5,8,9] with a Nose´-Hoover ther-
mal bath [8,9] at T = 303 K and 112651 TIP5P water molecules [10]
was monitored during 75 ns. An OPLS force ﬁeld [11] was adopted.
Of the 67 trajectories generated, we examined eleven that produced a
stable sheet packing with RMSD < 1 A˚ from the atomically resolved
b-sheet interdigitated packing [3] (n-strand in between (n  1) and
(n + 1)-strand).3. Results
All successful trajectories revealed a trial-and-error confor-
mational search for a period ranging from 20 to 40 ns in a rug-
ged potential energy surface, followed by a transition to a
stationary conformation (Fig. 1). The rugged part of the trajec-
tory is indicative of short-range forces [12] of the excluded vol-
ume type represented by repulsive Lennard-Jones terms [7]
(Fig. 1B and C). Such short-range contributions result from
frequent steric clashes between the side chains as they form a
densely packed environment.blished by Elsevier B.V. All rights reserved.
Fig. 1. Molecular dynamics dissection of the energetic components in ﬁbrillogenic b-sheet association for the peptide GNNQQNY. (A)
Representative backbone conﬁguration of initial state. (B) Black line: Total potential energy change, DE(t) = E(t)  E(0), along 75 ns of a successful
packing trajectory. The initially dissociated b-sheets are taken as reference state with energy E(0). The magnitude of the diﬀerence, D(t), between the
total potential energy change and the energy change due to variations in the wrapping or de-screening of electrostatic interactions, DEwr(t), is
displayed by the red line. (C) Lennard Jones repulsive term contribution due to the side-chain steric clashes during the association and tight packing
of the b-sheets. (D) The time-dependent wrapping of a pre-formed hydrogen bond, Æqæ = Æqæ(t), averaged over all intra-sheet hydrogen bonds during
association. (E) The over-all van der Waals energy contribution during the association trajectory.
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at 30 ± 10 ns, in the extent of dehydration of the intra-sheet
backbone–backbone and side-chain–side-chain hydrogen
bonds (Fig. 1D). This parameter may be estimated as the num-
ber, q, of non-polar groups ‘‘wrapping the hydrogen bond’’,
that is, within a desolvation sphere of radius r  6 A˚ [13] cen-
tered at the hydrogen atom. Thus, in all runs examined, the
average extent of hydrogen-bond wrapping, Æqæ, increases in
accord with the decrease in overall energy for
4.8 A˚ < r < 7.2 A˚. The de-screening of charges due to wrap-
ping-induced water removal enhances pre-formed electrostatic
contributions, and actually dominates the association energet-
ics, as quantiﬁed below. On the other hand, the net energetic
advantage of the overall van der Waals contribution to b-sheet
association (Fig. 1E) is negligible: it does not surpass the mag-
nitude of thermal ﬂuctuations (0.6 kcal/mol) at the station-
ary state.
In the associated state, the non-polar methylene groups of
residue jn (j = 2,. . .,6) wrap four backbone–backbone hydrogenbonds of the opposite b-sheet involving residue pairs:
[jn 1, (j  1)n+1]; [jn1, (j + 1)n+1]; [jn+1, (j  1)n+3]; [jn+1,
(j + 1)n+3]. As an illustration, the wrapping of backbone
hydrogen bonds by Gln4 from a ﬁxed strand is represented
in Fig. 2. In addition, residue jn wraps the side-chain–side-
chain inter-strand hydrogen bonds from the opposite b-sheet
involving residue pairs: [(j  1)n 1, (j  1)n+1]; [(j + 1)n 1,
(j + 1)n+1].
The de-screening of electrostatic interactions encompasses
also the preformed dipole–dipole interactions, whose extent
of wrapping may be similarly estimated. Thus, a desolvation
domain may be deﬁned by two spheres centered at the dipole
baricenters. As shown below, the dominant contribution to
this wrapping eﬀect is the penetration of non-polar methylenes
from residues 2n±1 (Asn) and 4n±1 (Gln) into the desolvation
domain of the dipole–dipole pair formed by the side-chain
carboxylamide groups of 4n (Gln) and 6n (Asn) (Fig. 3). The
non-polar groups dehydrate, and thereby enhance, the pre-
formed dipole–dipole interactions.
Fig. 2. Pattern of inter-sheet wrapping of backbone–backbone hydrogen bonds in the associated state. The strand backbone is represented as virtual
bonds (blue) joining a-carbons, backbone hydrogen bonds are displayed as light grey lines joining the a-carbons of the paired residues and side chains
are only drawn up to the b-carbon for clarity. A thin blue line from the b-carbon of a residue to the baricenter of a hydrogen bond indicates wrapping
of the bond by the residue: at least one non-polar group from the residue is contained in the desolvation sphere of the bond. (A) Across-sheet
wrapping of backbone hydrogen bonds by a single Gln4. (B) Wrapping pattern of all intra-sheet pre-formed backbone hydrogen bonds in the ﬁnal
state of the simulation.
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mation, we will translate the exogenous wrapping of pre-
formed hydrogen-bond and dipole–dipole interactions into
energetic implicit-solvent terms and demonstrate that their
combined contribution makes up on average for 96% of the
over-all potential energy change computed along successful
all-atom trajectories.
The wrapping microenvironment of a speciﬁc hydrogen bond
(dipole–dipole interactions are treated similarly) at time t may
be given by the set of position vectors {Ri(t)}i=1,. . .,K(t), relative
to the hydrogen atom, ofK = K(t) non-polar groups (labeled by
the dummy index i) clustered within a sphere of radius 6 A˚
centered at the hydrogen atom [13]. To assess the eﬀect of
wrapping on the electrostatics, we take into account the modu-
lation of local permittivity enshrined in the change of ‘‘envi-
ronmental coordinates’’ {Ri(0)}i=1,. . .,K(0) ﬁ {Ri(t)}i=1,. . .,K(t),
where {Ri(0)}i=1,. . .,K(0) corresponds to the initial microenvi-
ronment for an isolated b-sheet. Thus, for a ﬁxed intra-sheethydrogen bond, the electrostatic energy change, DEHBwr ðtÞ, rela-
tive to the initial microenvironment and associated with the
change in wrapping at time t is given by [13]
DEHBwr ðtÞ¼
ðqq0=4prÞ e1 fRiðtÞgi¼1;...;KðtÞ
 
 e1 fRið0Þgi¼1;...;Kð0Þ
 h i
;
ð1Þ
where q, q 0 are the eﬀective charges at the hydrogen and oxy-
gen atom of the amide-carbonyl hydrogen bond, r is the hydro-
gen-bond length (r = ||r||, with r = position vector of oxygen
with respect to hydrogen), and the reciprocal permittivity
e1, quantifying the coulomb screening due to wrapping, is gi-
ven by [13]
e1ðfRigi¼1;...;KÞ ¼ ðe10  e1w ÞXðfRigi¼1;...;KÞ½ð1þ r=nÞ expðr=nÞ þ e1w ;
ð2Þ
Fig. 3. Wrapping of pre-formed dipole–dipole interaction between the side-chain carboxylamide groups of Gln4 and Asn6 on one strand (n) by two
Asn2 residues and two Gln4 residues on the opposite strands (n  1 and n + 1).
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1
w denote, respectively, the permittivity of vacuum
and bulk water, X({Ri}i=1,. . .,K) =Pi=1,. . .,K[1 + exp(||Ri||/K)]
[1 + exp(||r  Ri||/K)], n, ﬁxed at 5 A˚, denotes the characteristic
length for water-dipole reorientation inﬂuence, and K = 1.8 A˚
is the characteristic length for water structuring around a
non-polar group [13].
Thus, Eqs. (1) and (2) quantify the enhancement in the cou-
lombic contribution resulting from the decrease in permittivity
caused by the wrapping of the hydrogen bond. Similarly, the
energy change, DEddwrðtÞ, associated with the wrapping of a di-
pole–dipole interaction at time t is
DEddwrðtÞ ¼ l1.l2½e1ðfRiðtÞgi¼1;...;KðtÞÞ  e1ðfRið0Þgi¼1;...;Kð0ÞÞ;
ð3Þ
where l1, l2 are the interacting dipole-moment vectors.
We computed the magnitude, D(t), of the diﬀerence between
the over-all potential energy change, DE(t), for b-sheet associ-
ation and the overall contribution, DEwrðtÞ ¼
P
HBsDE
HB
wr ðtÞþP
ddsDE
dd
wrðtÞ from wrapping all the pre-formed intra-sheet
hydrogen bonds and dipole–dipole interactions speciﬁed
above. We get: ÆD(t)æt  0.04|ÆDE(t)æt|, where the time average
(ÆÆæt) is taken over the interval [0,75 ns]. The actual plot for
D(t) is given in Fig. 1B. The results clearly reveal that the wrap-
ping of intra-sheet electrostatics is the dominant factor that
drives the b-sheet association.
Two types of interface have been reported for b-sheet
association [3], a ‘‘wet’’ and a ‘‘dry’’ one. The wet one par-
tially buries the Asn3–Gln5 dipole–dipole pair, while the dry
one buries the Gln4–Asn6 pair. The former, with the dipoles
less antiparallel than the Gln4–Gln6 interaction (129 versus
160 for the average dipole–dipole relative orientation), is
more hydrated than the latter in the isolated sheet. Thus,
in accord with recent ﬁndings, further hydration acts as a
stabilizing factor [14] for the Asn3–Gln5 distorted interactive
pair. On the other hand, the partial hydration of the Gln4–
Asn6 pair in its initial state is already unfavorable, as it en-tails the virtual isolation of a single solvating water mole-
cule, severely compromising its hydrogen bonding capacity
[15]. Thus, since single water-molecule removal is facilitated
and the energetic advantage is maximized, the nearly anti-
parallel 4–6 dipole–dipole interaction is prone to give up
its single H-bonded water partner (Fig. 4A). On the other
hand, the 3–5 more distorted pair, was on average more hy-
drated (1.5 water molecules versus 1 water molecule) and
is prone to gain further hydration as a stabilizing factor, as
shown in Fig. 4B. These diﬀerent wrapping demands of the
two dipole–dipole side-chain–side-chain interactions are in
agreement with the diﬀerent levels of hydration observed
at the interfaces between sheets. In essence, Fig. 4 reveals
a threshold in the extent of hydration of a dipole–dipole
interaction above which the intramolecular electrostatics
are stabilized by promoting further hydration of the polar
groups. This threshold is indicative of the sustainability of
a water interface around interactive polar groups: a minimal
hydration (1 water molecule in the hydration shell) is not
sustainable and the propensity of the interaction to become
fully dry becomes apparent.
This observation is likely to be exploited in future drug devel-
opments geared at preventing aberrant aggregation. For in-
stance, the unfavorable water interface enveloping the 4–6
dipolar pair in the isolated b-sheet is likely to constitute a good
target for a drug-based inhibitor as this pair promotes exoge-
nous desolvation. On the hand, the opposite side, with its 3–5
dipolar interaction is not a good target as it becomes stabilized
by full hydration.4. Discussion
This study reveals that the dehydration propensity of pre-
formed partially wrapped electrostatic interactions has a
mechanical equivalent, an attractive drag exerted on non-po-
lar groups, promoting further electrostatic desolvation. This
Fig. 4. Poorly hydrated, and thus strong, dipole–dipole interaction between the carboxylamides of Gln4, Asn6 are prone to become even further
dehydrated while better hydrated Asn3–Gln5 dipole–dipole interaction becomes further stabilized by increasing the level of hydration (cf. [14]). (A)
Average extent of hydration of the dipole–dipole Gln4–Asn6 interaction measured as the number of water molecules hydrogen bonding to any of the
four polar groups engaged in the interaction averaged over all 4–6 dipole–dipole interactions in the b-sheet. (B) Average extent of hydration of the
Asn3–Gln5 dipole–dipole interaction.
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induces full desolvation of hydrogen bonds and dipole–di-
pole interactions. The b-sheets act as metastable hydropho-
bic kernels triggering association provided their encounter
takes place while they preserve their structural integrity.
While revealing, this analysis is limited to the single case
where the ﬁbrillar structure has been resolved down to
atomic detail, and cannot be extrapolated to generic amyloi-
dogenic aggregations, with their manifold polymorphisms.
On the other hand, the results are highly compatible with
previous ﬁndings pertaining to the structural diagnosis of
the amyloidogenic aggregation [2]: soluble proteins with a
profusion of underwrapped electrostatic interactions are
prone to aggregate and, as the present results reveal, this
aggregation is driven precisely by the promotion of water re-
moval from under-wrapped interactions. While the aggre-
gated state has not been resolved to atomic detail, the
cellular prion protein is the most underwrapped soluble pro-
tein in the PDB [16], and as such it has been diagnosed to
aggregate as a means of intermolecularly ‘‘correcting’’ its
packing deﬁciencies.Acknowledgement: This research was supported by NIH Grant 1R01
GM072614-01A1 from the National Institute of General Medical Sci-
ences (NIGMS).
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